ABSTRACT
INTRODUCTION
Caspases belong to a conserved family of cysteinyl aspartate proteinases that are involved in metazoan programmed cell death and inflammation (Cohen, 1997; Lamkanfi et al., 2002) . Procaspases (zymogen) are activated by themselves, separating the p20 and p10 catalytic subunits, allowing their reassembly as active heterotetramers (Boatright et al., 2003) . These proteases promote selective and limited cleavages, usually one, resulting in either activation or inactivation of their targets but never their degradation. Once activated, initiator caspases (-8, -9) cleave and activate the effector caspases -3, -6 and -7. These proteases play a key role on dismantling of the cell machinery during early and late phases of apoptosis. Among the innumerable examples of caspase substrates are cytoskeletal and structural proteins, DNA synthesis and repair proteins, signaling transduction factors (kinases, transcription factors, receptors), adhesion molecules and cell cycle regulators.
The pro-inflammatory caspases (-1, -4, -5, -11, -12 and -14) are a subset of this family that promote the cleavage and activation of IL-1β and IL-18 during the immune response induced by cytokines and bacterial toxins (Earnshaw et al., 1999; Lamkanfi et al., 2002) . Caspases-2 and 8 also play a role in the immune signaling pathways of TNF and Toll receptors (Lamkanfi et al., 2002) . Non-apoptotic functions have been ascribed to caspases during T-cell proliferation, cell cycle regulation and differentiation and intracellular proteolysis of skeletal muscle proteins (Belizário et al., 2001; Du et al., 2004) and in the differentiation process of macrophages, lens epithelial cells, keratinocytes and erythroblast lineages (Schwerk and Schulze-Osthoff, 2003) . Thus, the subcellular compartmentalization, specificity and threshold activity must be very important for selective substrate processing and the non-apoptotic function of caspases.
The caspases' catalytic site contains a highly conserved cysteine residue which recognizes and cleaves their substrates at highly conserved aspartate at P1 position. For a long time, it was thought that the consensus for caspase recognition was P4 DXXD P1 . Nevertheless, elegant studies in vitro using positional scanning of synthetic combinatorial libraries, elucidated the extended substrate specificity for caspases (Thornberry et al., 1998; Talanian et al., 1997) . Thus, they were classified into three groups. Group I (caspase-1, -4, -5) recognizes the tetrapeptide sequence W/L)EHD, group II (caspase-3, -7, -2) recognizes the sequence DExD; whereas the group III (caspase -8, -6, -9, -10) recognizes the sequence (I/V/L)E(H/T)D. Although this information has been crucial for preliminary understanding of caspase-substrate interactions, as well as in providing useful information for designing peptide substrates and inhibitors, it does not elucidate how caspases recognize their natural substrates, since such specificity has been only partially confirmed in vivo. Additionally, these data are insufficient to predict whether natural substrates might be recognized and cleaved by caspases because they do not consider other sequential or structural patterns that could be participating in the enzyme-substrate interaction.
As of now, more than 280 natural caspase substrates have been identified (Earnshaw et al., 1999; Fischer et al., 2003) . This protein dataset has provided new insights on how caspases could be interacting with their natural substrates. Here we show in silico evidence that PEST-like sequences (Rogers et al., 1986; Rechsteiner and Rogers, 1996) rich in the amino acids Ser (S), Thr (T), Pro (P), Glu or Asp (D/E), including Asn (N) and Glu (Q), located at left or right of the cleavage site may contribute to the specificity for at least 60% of experimentally verified caspase substrates. Thus, based on these preferences, we developed a software, named CaSPredictor. This work describes the generation and validation of this software as well as its application in a large-scale analysis, in order to identify novel caspase protein substrates.
METHODS

Data collection and analysis
The primary sequences of 223 caspase protein substrates available from literature (Fischer et al., 2003; Earnshaw et al., 1999) were obtained from Entrez database. In these proteins, 283 cleavage sites as pentapeptide sequences ( P4 XXXDX P1 ) were identified. These sequences were classified into two groups. The first contained 143 'annotated' cleavage sites and were used to perform substitution and frequency analysis. The second contained 137 'non-annotated' cleavage sites and were employed as 'testing population' to verify the efficiency of software. The complete list of the protein sequences used for dataset generation is available at Supplementary information.
The primary, secondary and tertiary structure patterns were analyzed online with the prediction software: Teiresias, Hits, GOR IV, HNN, SOPMA, PHD and PREDATOR, using the respective servers. The PEST scores were determined with the PESTfind software. (Henikoff and Henikoff, 1992) , used for the numeric attribution of the substitution index.
CCSearcher algorithm definition
The CCSearcher (Caspase Cleavage Site searcher) algorithm was developed based on three parameters:
Substitution Index (Is). A BLOSUM 62 Substitution Matrix (MS) was applied to each amino acid at P4-P1 positions from 143 'annotated' cleavage sites. Each site received a numeric value which was obtained from the sum of individual values ascribed to each amino acid. This individual value represents the score for each amino acid to be preserved in the same position (Fig. 1) .
Subsequently, every Asp and its complementary tetrapeptide sequence within a given 'non-annotated' sequence is considered as part of a 'putative' cleavage site (Ps) and each amino acid is individually compared to all the annotated cleavage sites (As). The score for the putative cleavage site is generated in the same way, so that the divergent amino acid residue receive its respective value from the BLOSUM 62 Substitution Matrix. Thus, 143 different numerical values of IS are generated for each 'non-annotated' cleavage site (Ps) when it is compared to its 'annotated' cleavage site (As), which is defined by the equation:
Each Is expresses the similarity between the putative sites and true caspase cleavage sites. Values near to 1 suggest high similarity and equal to 1 indicate perfect match. Only the highest Is for each putative site is considered for the CCScore calculation.
Frequency Index (I F ). The relative frequency (f i ) ( Table 1) for each amino acid residue at position i (P4-P1 ) from N annotated sequences (N = 143) is defined by equation: where n i is the frequency of each amino acid for each position. The normalized relative frequency (NF i ) is the ratio of the relative frequency of an amino acid at position i to the relative frequency value of the most frequent amino acid for the same position.
The frequency index (I F ) of the putative cleavage site (P S ) is calculated as the mean of NF i for each position i (P4-P1 ):
Each of the possible cleavage sites possesses a unique frequency index (I F ) value, which is applied directly to CCScore calculation.
PEST index (I PEST ).
It is calculated by giving a value of 1 to the amino acids Ser (S), Thr (T), Pro (P), Glu or Asp (E/D), including Asn (N) and Gln (Q), which are the residues of PEST regions (Rogers et al., 1986; Rechsteiner and Rogers, 1996) . For this purpose, 15 amino acid residues at the left and right side of the putative cleavage site were considered (N = 35). The coefficient value (CV) for each of the PEST residue is 1 and for each of the other amino acid (non-PEST) is 0, as exemplified. Thus, the PEST index (I PEST ) is obtained by:
Similar to I F , each putative cleavage site has its unique I PEST .
The CCSearcher algorithm is based on three indexes: substitution (I s ), frequency (I F ) and PEST-like (I PEST ), which are applied to a general equation (6) to find out the CCScore:
CaSPredictor software implementation 
Prediction method validation
Accuracy and confidence. To ensure that CCSearcher is a reliable algorithm for caspase substrate prediction, we analyzed 223 proteins containing 280 natural caspase cleavage sites and 1000 random sequences generated automatically by the Randseq software (www.expasy.ch/tools) and compared the results using the receiver operating characteristic (ROC) method (Hanley and McNeil, 1982) . The ROC curve describes the tradeoff and allows a systematic discrimination between the sensitivity and specificity. Sensitivity is defined by the ability of the model to detect true positives, while specificity is its ability to identify true negatives. The accuracy and confidence level of an algorithm is measured quantitatively by calculating the area under the ROC curve. An area value of 1 represents a perfect test and an area value of 0.5 represents a worthless test. Efficiency. To assess the prediction efficiency of the CaSPredictor, we analyzed a set of proteins containing 137 'non-annotated' cleavage sites in the internal file of the software. For comparison purposes, the prediction was considered positive if the true cleavage site was ranked until the third place in a score-decreasing list in the output report. To assess the weight of PEST-like amino acids in the prediction efficiency, the same set of proteins was tested with two variants of CaSPredictor software: one lacking the PEST index and the other substituting the PEST index for a GAILV index (non-PEST amino acids).
Comparative performance. We compared the performance of CaSPredictor with two similar peptidase prediction tools currently available: PeptideCutter web server, which was based on PS-SCL in vitro studies (Thornberry et al., 1997; Talanian et al., 1997) , and PEPS software based on a frequency index scoring matrix (Lohmüller et al., 2003) . PEPS software was kindly provided by the authors.
Large-scale analysis
We performed a large-scale analysis using 9986 human proteins downloaded from SwissProt Database. In this first screening we chose a threshold score to give us the most reliable selectivity and sensitivity prediction. A set of putative substrates was further analyzed using InterDom database (http://interdom.lit.org.sg) and Apoptosis database server (http://www.apoptosis-db.org) to identify the interactions with caspase domain (peptidase domain C14) and domains involved in apoptosis. The sequence homology was confirmed by PSI-BLAST using the Pfam and Pfscan databases (Doctor et al., 2003) .
RESULTS
A correlation between PEST regions and the cleavage sites for caspases was first identified analyzing the amino acid sequences of the caspase family members (Fig. 2) . In 12 caspases examined, we found PEST-like regions located at the large-small subunits junction (linker region) where the cleavage occurs and activates the enzyme. As proposed previously (Rogers et al., 1986; Rechsteiner and Rogers, 1996) , the regions rich in the amino acids Ser (S), Thr (T), Pro (P), Glu or Asp (E/D), including Asn (N) and Glu (Q), produce a PEST score which correlates with their susceptibility to degradation. We noted in the crystal structure of the caspase-7 heterodimer that this flexible segment is not defined because of the lack of contiguous electron density (Reidl et al., 2001; Chai et al., 2001 ). As such, this intrinsically unstructured segment/domain does not provide a rigid fold (Tompa, 2002) . In the primary structure analysis of 280 caspase substrates with the software Teiresias and Hits, we did not find a structural or biochemical pattern that could confer any additional information on caspase recognition, besides the pentapeptide P4 XXXDX P1 . Nevertheless, the PESTfind software showed that 55.6% of P4 XXXDX P1 sites are localized within PEST regions (data not shown).
When the same sequences were analyzed with the secondary structure prediction software, we observed that 14% of these sites are located within predicted alpha helix, 8% in beta-sheet and 78% of these sites are located within random coils (Fig. 3) . Tertiary structure analysis done with only 7% of the substrates revealed that these cleavage sites occur within loops with high possibility of being unstructured regions (Fig. 3B) .
The presence of PEST sequences in the vicinity of caspase cleavage sites was used in the development of the CCSearcher algorithm, as described in Methods section. The caspase substrate amino acid preference matrix at the positions P4 through P1 was calculated by determining the frequencies of each amino acid in 143 cleavage sites (Table 1 ) from a group of 121 annotated caspase substrates. We annotated all sites which were experimentally verified for caspases-1, -2, -3, -6, -7, -8, -9 and -10, but the number of substrates for caspase-3 was significantly higher because of its large number of substrates reported in the literature (Earnshaw et al., 1999; Fischer et al., 2003) . At subsite P3, P2 and P1 , the two most frequent amino acids were E/S, L/V and G/S, respectively. This fact indicates that there is no optimal tetrapeptide sequence among the natural protein substrates.
We compared the sensitivity and specificity of CCSearch analyzing 1000 random sequences containing 300-600 amino acids, which were generated by the Randseq software (www.expasy.ch/tools) and a set of 235 protein-substrates containing 285 cleavage sites. The Figure 4A shows two bell shaped curves and the interface residues (shaded) where the scores of two groups (random and natural) have overlapped. The distribution of the scores was evaluated using the ROC method (Hanley and McNeil, 1982) . This test allows the definition of the cutpoint that will determine the number of true positives, true negatives, false negatives and false positives. The best prediction method would yield a graph that covers 100% of ROC space, i.e. 100% sensitivity. As shown in Figure 4B , the area under the curve reached 0.80, indicating that the CCSearcher algorithm yields high accuracy for positive prediction.
To test the efficiency of CaSPredictor, we analyzed a group of 137 cleavage sites of non-annotated substrates. The program identified positively 81% (111/137) (Fig. 5) . We considered it positive if the cleavage site was ranked until the third place in a score-decreasing list. It is noteworthy that 85.8% (95/111) of the positive sites were predicted in the first place. The same 137 cleavage sites were assessed with two different variants of the software, one lacking the PEST index and the other substituting the PEST index for a GAILV index (non-PEST amino acids). The performance of the software was dramatically reduced to 38% (52/137) and 25% (35/137), respectively (Fig. 5) . We compared the performance of CaSPredictor with two peptidase prediction tools currently available: PeptideCutter and PEPS (Lohmüller et al., 2003) . Overall, CaSPredictor had a much higher percentage of positive hits in the analysis of 283 caspase substrates (Fig. 5) . Thus, the combination of the three indexes yielded improved predictions over the individual methods. From the data on Figure 4 , we chose an arbitrary CCScore = 0.57, where the sensitivity is 60% and specificity is 97% as a threshold score for prediction and automatic search of caspase substrates in a large-scale analysis using the CaSPredictor. The search was done in a dataset containing 9986 human proteins extracted from SwissProt database. The program detected in 16.46% of the sequences (1644 proteins), scoring from 0.57 to 0.85, at least one possible cleavage site score ( Table 2 ). The wheel blots in Figure 6 show the representative percentages of proteins with respect to their cellular localization and biological function. Most of these putative caspase substrates are cytoplasmatic proteins (38%) and function in the signaling transduction pathways (69%). Another set of plasma membrane proteins (26%) can be included in this group because they act as transmembrane receptors. However, typical apoptosisrelated proteins cleaved by caspases, including DNA repair and structural proteins, are poorly represented (Fig. 6 ). In the list presented are the proteins: ATP-binding cassette-1 (ABC-1), protein kinase akt-3, atonal protein homologue 1, PDZ-RhoGEF, atrophin-1 interacting protein 1 and ADAM 17 ( Table 2 ). The table also shows potential tetrapeptide sites within the primary sequence of the protein, the maximum score, intracellular localization and their interacting domain, [i.e. WD40 (APAF-1), RIP (RIP kinase) and ankyrin (Lamkanfi et al., 2002) ]. We analyzed the interaction of putative substrates (CCScore > 0.57) via C14 caspase domain and found that 11.5% (95/836) shared potential domain of interactions. Using the BLAST option at the Apoptosis Database, we also detected at least one of the apoptosis related domains in 40% (38/95) of putative substrates. To facilitate the use of this dataset in experimental studies of validation, the complete list can be browsed on our databank (Supplementary information).
DISCUSSION
In order to find new insights that could indicate how caspases recognize their substrates in vivo and help in the development of computational tools for cleavage site prediction, we proceeded to make a complete analysis of the primary and secondary structures of 280 caspase substrates and the resolved tertiary structures when they were available (Earnshaw et al., 1999; Fischer et al., 2003) . The fact that most of these cleavage sites are found in PEST-like regions, which are also predicted as random structures by the different algorithms (Tompa, 2002) , suggests that caspase cleavage sites occur preferentially in unstructured regions. The analysis of the few available 3D structures, including the human procaspase-7 (Reidl et al., 2001) confirmed that cleavage sites are located within loop-forming sequences (Fig. 3) . The presence of PEST regions is recognized as a proteolytic signal to a rapid turnover of the proteins (Rogers et al., 1986; Rechsteiner and Rogers, 1996) . Recently, it has been suggested that PEST regions are natively unstructured regions because of the enrichment of proline residues (Wright and Dyson, 1999; Tompa, 2002; Tompa et al., 2004) . The PESTfind program does not recognize potential PEST-like regions due to the presence of Lys (K), Arg (R) and His (H) flanking residues. However, when these limitations are removed, the regions become apparent. From these data, we concluded that the loops or unstructured regions may have some influence on the cleavage rates of caspase substrates or may work as distant subsites that facilitate the enzyme substrate interactions. Here we demonstrated that their presence in the vicinity of caspase cleavage sites are an important element of easy manipulation and delimitation of potential sequences containing a caspase cleavage site.
Structural analysis in the resolved 3D structures of caspase-1, -3, -7 and -8 have confirmed in vitro evidence from the substrate specificity studies (Thornberry et al., 1997; Talanian et al., 1997) that their cleavage sites can tolerate some amino acid substitutions in P4-P1 , but restrict entry to the others. Because these substitutions occur among amino acids that are chemically or structurally similar, the BLOSUM 62 Substitution Matrix (Henikoff and Henikoff, 1992) can be used as a versatile tool to predict these events. In addition, the positional normalized frequencies of certain amino acids at P4-P1 observed in natural substrates have allowed the construction of the frequency index for each amino acid (Table 1) . According to these observations, we constructed the CCSearcher algorithm and then the CaSPredictor software. The accuracy and confidence of CCSearcher estimated at 80% by ROC methodology (Fig. 4B ) approximated to advanced prediction programs that use cutting-edge technologies such as artificial neural networks (Thompson et al., 2003; Yang et al., 2004) . In these cases, the accuracy is >90%. Furthermore, we compared the performance of CaSPredictor with a new version introducing conventional PSSM methodology considering a pseudocount equal to 0.1. The results showed that PSSM did not improve significantly the accuracy and confidence of scoring scheme in the prediction method of the original version (data not shown). For a CCScore = 0.57, the probability of finding a substrate reaches ∼60%. This sensitivity value is considered low when compared to efficiency but is compensated by the specificity value (i.e. the probability of not selecting false positives) which reaches 96%. Thus, in large-scale studies, a score >0.57 represents a good possibility that the sequence is a caspase cleavage site.
The prediction efficiency of the software was also estimated by altering internal parameters of the program (CaSPredictor variants) and evaluating its performance (Fig. 5) . PEST index improved considerably the efficiency of the CCSearcher algorithm. It is interesting to note that only 56% of the substrates tested with these variants has cleavage sites in PEST-like regions. When the performance of CaSPredictor was compared to other similar prediction software (Fig. 5) , the results further substantiated its innovativeness and real potential as caspase substrate prediction software. However, CaSPpredictors have several limitations. First, the pentapeptide cleavage sites used to determined the frequencies of P4-P1 residues (Table 1) were obtained from experimental data in which the recombinant proteins were used for enzyme cleavage tests. In some cases, the data were not reproduced using the appropriated biological models (cell lines or tissues). When we estimated the CaSPredictor efficiency of a substrate dataset we considered positive only the substrates whose cleavage sites appeared in the first place in the scoring list. We know that some substrates have two cleavage sites and would be positive if the second or third places were considered. Furthermore, even though the PEST index improved the selection of positive substrates, the program could not identify at least 20% of reported caspase substrates (Figs 4 and 5) . This set of proteins may be recognized through a PESTlike independent manner. The structural/sequential patterns of these proteins need to be investigated in order to improve the CaSPredictor in future.
Our preliminary analysis of 1644 potential substrates selected by CaSPredictor from datasets containing 9986 human proteins ( Fig. 6 and Table 2) showed that 95 of 836 (11.4%), display domains for protein-protein interactions with the caspase (C14) family members and another percentage (40%) with one of the apoptosis-related domains (Lamkanfi et al., 2002) . Nevertheless, what makes possible their interactions seem to be the cleavage sites. The biological meaning for the cleavage varies according to the substrate categories. For instance, the procaspase members are activated whereas cell adhesion molecules such as b-catenin, FAK and paxillin are biologically inactivated, mostly by removing an inhibitory or regulatory domain. The biological consequences of these caspase regulatory functions have been intensively studied nowadays (Earnshaw et al., 1999; Fischer et al., 2003) . It is becoming clear now that caspases are not just killer enzymes. The data from the large-scale analysis presented here suggest that almost one-sixth of the encoded proteins by the human genome (∼4500 proteins) can be potential intracellular targets of caspases. We believe that most of these proteins may be involved in the several non-apoptotic processes mediated by caspases, including proliferation, cellular differentiation, inflammatory response and intracellular proteolysis of skeletal muscle proteins (Belizário et al., 2001; Lamkanfi et al., 2002; Schwerk and Schulze-Osthoff, 2003) . We are therefore aiming to expand our protein dataset further to explore these possibilities.
In summary, we report here the construction and validation of a new computer-based tool specific to caspase substrate prediction. The CaSPredictor will be useful for preliminary screening of protein databanks for putative caspase targets and mapping potential cleavage sites and the strength of interactions in certain proteins experimentally demonstrated to be caspase substrates. The caspase substrate database generated by CaSPredictor will be available and will certainly provide
